Electrocatalytic reduction of nitrogen (N 2 ) at ambient conditions is an alternative strategy to produce ammonia (NH 3 ) to complement the commonly applied Haber-Bosch process.
However, the achievement of high Faradaic efficiencies with high NH 3 yield is still challenging. Here, we report Au single sites stabilized on N-doped porous and highly oxidizing ("noble") carbons catalysts show excellent performance in N 2 electroreduction. At a potential of -0.2 V vs. reversible hydrogen electrode (RHE), a stable NH 3 yield of 2.32 µg h -1 cm -2 is produced at an acceptable Faradaic efficiency of 12.3%. Besides, there is no notable fluctuation of Faradaic efficiency and NH 3 yield in 6-cycle test which indicates good stability.
This work opens up new insights to improve N 2 fixation performance by introducing active single sites into noble carbon catalysts for N 2 electroreduction. NH 3 is the largest chemical product on earth and can be for instance used as agricultural fertilizer, chemical feedstock and hydrogen carrier. [1] For more than 100 years the large scale production of NH 3 is carried out by the Haber-Bosch process which is however a world-scale operation to be run economically. Ammonia production via a smaller, decentral process that can be carried out in less complex reactors, with simpler ammonia product separation, and
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2 without the need for prior synthesis gas production, is highly desirable. The key for efficiency of such alternative processes is efficient N 2 fixation and so far, numerous efforts have been dedicated to this. [2] Due to its low cost and potential use of sustainable energy, electrochemical N 2 reduction reaction (NRR) at ambient conditions attracts increasing interests because it can overcome the high temperature and pressure range needed for the industrial Haber-Bosch process. [3] Currently, some electrocatalysts have been developed in NRR, including noble metal, [4] non-noble metal-based materials [5] and conducting metalphthalocyanine complexes. [6] However, the inertness of N 2 with high bond dissociation energy (941 kJ mol -1 ) makes it difficult to be activated. Moreover, there is a fierce competition between NRR with hydrogen evolution reaction (HER) due to their nearly similar redox potential (0.092 V and 0.00 V vs. RHE for NRR and HER, respectively), which usually lead to low NH 3 yields and Faradaic efficiencies. Besides a high electric conductivity, a good NRR catalyst has to provide strong N 2 adsorption and activation capacity to get decent ammonia production. Based on previous research, Au is considered as one of the most effective catalysts for NRR due to its high affinity and ability to activate N 2 for electrochemical reduction as well as its generally low tendency of hydrogen formation. [4a, 4b, 6-7] One effective strategy to achieve higher Faradaic efficiency is to create more exposed active sites per unit mass of the catalysts. Single sites catalysts could meet this demand because of their theoretically perfect atom utilization for substrate adsorption and activation. However, such single sites require a suitable substrate on which they can be stabilized. N-doped porous carbons (NDPCs) are a particularly attractive substrate for the formation of single sites due to their high surface area, high porosity, and abundant N species which provide large possibilities to anchor and stabilize single sites. [8] In contrast to heteroatom-free porous carbons, NDPCs stand out due to their "noble" character (i.e, they can oxidize material rather than being oxidized) and can thus stabilize single metal sites even at high loadings. [7, 9] On the other hand, such highly polarizable porous supports can improve the N 2 adsorption and mass
3 transfer as well. [10] It has been recently found that N species in the NDPCs can facilitate the dissociation of N 2 . [11] Especially in the presence of additional single metal Lewis acidic ions, electron-rich nitrogen and/or carbon atoms within noble carbons can act as Lewis basic sites, leading to a frustrated Lewis pair (FLP) and potentially strong activation of N 2 molecules by their strong electronic polarization. [12] To the best of our knowledge, the experimental investigation of single sites fixed at NDPCs supports in electrochemical NRR has not been reported yet. Here, we report a novel catalyst composed of Au single sites supported on Ndoped carbons (denoted as AuSAs-NDPCs), which is characterized by a charming and stable NRR performance at comparably high NH 3 production rate. (101), which demonstrated the high purity and amorphous phase of the as-obtained HAT-carbon which is in agreement with our previous study. [13] N 2 physisorption experiments show a specific surface area (SSA) of around 979 m AuSAs-NDPCs were synthesized by a simple impregnation method. [14] As-prepared NDPCs were mixed with a HAuCl 4 aqueous solution under continuous stirring for 7 h followed by (Table S1 ). In addition, the absence of crystalline Au is confirmed by the XRD patterns ( Figure S4a ), while the SSA of the NDPCs remains unchanged after Au decorating ( Figure S4b ). When the Au mass loading was increased to 0.713 wt.% (Table S1) X-ray photoelectron spectroscopy (XPS) measurements of Au 4f in AuSAs-NDPCs ( Figure   S7 ) demonstrate the existence of Au species with a binding energy of electrons higher than in the metallic Au particles of AuNPs-NDPCs . [15] That means that noble NDPCs are stronger electron acceptors than Au ions. i.e., they do indeed have a higher standard electrode potential than Au. We imagine that the Au may not be fully ionized but that the electron density on these single sites is still lower than on an Au atom but higher than on an Au ion due to electron transfer from the Au "cation" to the support "anion". Deconvolution of the C 1s line scans ( Figure S8a carbons bounded to N atoms at ~286 eV, and oxidized carbon atoms at ~290 eV, with the binding energy all shift to slightly higher values in presence of single Au sites, as compared with NDPCs. Considering the low over-all Au content, this shift is remarkable. The same phenomenon is also observed in N 1s spectra ( Figure S8b ), which can be assigned to cyano-(~398 eV), pyrazine groups (~399 eV), quaternary N atoms (~400-401 eV) and oxidized N atoms (~402-403 eV). [16] Thus, the lower electron density of the C and N atoms in AuSAsNDPCs indicate the strong electronic interaction of Au atoms with C and N atoms. [17] To further confirm the importance of heteroatom-sites, nitrogen-free salt-templated carbons concentration of N 2 caused by its low solubility in water which could even cause this reaction to be in a diffusion controlled mode, these Faradaic efficiencies and NH 3 yield is remarkable.
Besides, there is no NH 3 produced from Ar-saturated electrolyte from -0.1 V to -0.6 V vs. Figure S12 ), indicating NH 3 formation solely from N 2 dissolved into the electrolyte and not from the N 2 in the AuSAs-NDPCs electrode. With the increase of negative potential, Faradaic efficiency and NH 3 yield largely decreased due to the predominance of HER, which was also demonstrated by the sharply increasing current densities in LSV curves. [18] NRR under different temperatures was also conducted at -0.2 V vs. RHE ( Figure S13a for advanced Co 3 Mo 3 N catalysts). [19] Besides the good activity, stability is also really important to value an electrocatalyst. After a recycling test for 6 times ( Figure   3a ), there is no obvious decrease of Faradaic efficiency and NH 3 yield for AuSAs-NDPCs (Figure 3b) . Chronoamperometry test at -0.2 V vs. RHE for 50000 seconds and the LSV curve after it show no obvious current densities decrease ( Figure S14 ), while TEM clearly shows that Au is still present as single species with no significant agglomeration after this test ( Figure S15 ). NH 3 production over reaction time also demonstrates the good stability of as obtained AuSAs-NDPCs ( Figure S16 ).
RHE (
To better understand the specific advantages of Au single sites, the NRR test was also conducted for AuNPs-NDPCs and pure NDPCs. Compared with AuSAs-NDPCs, Faradaic efficiency of AuNPs-NDPCs catalysts decreases to 5.7 % at -0.2 V vs. RHE (Figure 3c ).
Likewise, as-prepared AuNPs-STC also shows a decreased Faradaic efficiency of 4.5% at the same potential (Figure 3c ). Metal-free NDPCs without Au could only reach the highest Faradaic efficiency of 2.1% at the potential of -0.6 V vs. RHE ( Figure S17 ). The corresponding UV-Vis adsorption spectra of catalytic products (Figure 3d ) further confirm the excellent performance of AuSAs-NDPCs. In order to verify that NH 3 was produced from NRR on AuSAs-NDPCs catalysts, as shown in Figure S18 , pure carbon paper without any On the other hand, they also stabilize Au single sites due to the abundant N and C species with highly oxidizing character and strong polarization. It is worth to note that hydrazine (N 2 H 4 ) as a normal intermediate product is easily produced in electrochemical NRR. [20] However, there is no color change before and after electrolysis under -0.2 V vs. RHE by adding N 2 H 4 color reagent ( Figure S19 ). UV spectra confirm that no N 2 H 4 is produced in our system under different potentials ( Figure S20 ). Based on our above analysis, from a mechanistic point of view, N 2 may firstly absorb on the surface of catalysts by interacting with (positively polarized) Au single species and (negatively polarized) N or C atoms. In other words, N 2 is bridged into an FLP-like structure motive in the catalyst. Then activated N 2 undergoes hydrogenation independently by reacting with activated H in the solution to form N-H bond. [21] As the reaction proceeds, N≡N bond will be broken and NH 3 is formed as the final product.
In summary, a novel catalyst construction composed of Au single atoms decorated on the surface of NDPCs was reported. The introduction of Au single atoms leads to active reaction sites, which are stabilized by N species in NDPCs. Thus, the interaction within as-prepared AuSAs-NDPCs catalysts enabled promising performance for electrochemical NRR. We believe that this work provides new opportunities for catalyst design in order to achieve efficient N 2 fixation at ambient conditions by utilizing recycled electric energy. As a rather 8 personal site conclusion we also believe that (in addition to enhancement of the catalysts themselves) a major step forward in the efficiency of N 2 RR will lie in finding ways to increase the local concentration of N 2 in close proximity to the catalysts.
Experimental Section
Synthesis of SiO 2 nanospheres: According to modified Stöber method reported in the literature, [22] TEOS (6 mL) was rapidly injected into a mixture of ethanol (74 mL) and deionized water (10 mL), followed by the addition of ammonium aqueous solution (28%, 3.15 mL). After stirring at room temperature for 1 h, obtained colloidal suspension was washed with water and ethanol several times for further use.
Synthesis of STCs:
STCs were prepared following the method described in the literature by using ZnCl 2 as the salt template. [23] In a typical procedure, sucrose (5 g), ZnCl 2 (5 g) and concentrated sulfuric acid (0.55 g) were mixed in ultrapure water (30 mL). The mixture was then dried at 100 °C for 6 h under air, followed by heating to 160 °C and keeping for 6 h. Asobtained product was finally transferred to a tubular furnace for carbonization at 900 °C for 2 h to get STCs with a heating rate of 1 °C min -1 under N 2 atmosphere.
Synthesis of NDPCs:
HAT was employed as the precursor for the synthesis of STCs. In a typical process, 100 mg of HAT and 500 mg of SiO 2 nanospheres were dispersed in a mixture of water (15 mL) and acetonitrile (15 mL) by ultrasound and stirred at room temperature for 6 h. After washing with water for several times and drying under vacuum, the light-yellow solid was carbonized at 900 °C under N 2 flow with a heating rate of 4 °C min Material characterization: The purity and crystallinity of obtained samples were characterized by X-ray powder diffraction (XRD) patterns, recorded on a Bruker D8 advance X-ray diffractometer with Cu Kα radiation. Scanning electron microscopy (SEM) images were obtained on a LEO 1550-Gemini instrument operating at 3 kV after sputtering with gold.
Energy-dispersive X-ray (EDX) investigations were conducted on a Link ISIS-300 system equipped with a Si (Li) detector. Transmission electron microscopy (TEM) was conducted on JEOL ARM 200F instrument operating at 200 kV. The samples were dispersed in ethanol, and then coated on a carbon-coated copper TEM grid and finally dried at room temperature before the test. N 2 physisorption isotherms measurements were carried out at -196 °C on a Quadrasorb apparatus from Quantachrome Instruments. Prior to all measurements, the samples were outgassed at 150 °C for 20 h under vacuum. SSAs were calculated using the multi-point Brunauer-Emmett-Teller (BET) model in the range of 0.05 < p/p 0 < 0.2. X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo Scientific K-Alpha + X-ray photoelectron spectrometer. All samples were analyzed using a microfocused, monochromated Al-K α X-ray source (1486.68 eV; 400 μm spot size). The KAlpha + charge compensation system was employed during analysis to prevent any localized charge buildup. The samples were mounted on conductive carbon tape and the resulting spectra analyzed using the Avantage software from Thermo Scientific.
The content of Au was analyzed by inductively coupled plasma mass spectrometry (ICP-MS).
Elemental analysis was accomplished by a Vario Micro device. UV-Vis spectroscopic measurements were conducted with a Cary 50 UV-Vis spectrometer.
Electrochemical measurements: All the electrochemical measurements were performed using a Gamry potentiostat in a two-compartment cell separated by Nafion membrane, which was pretreated by heating in 5% H 2 O 2 aqueous solution at 85 °C for 1 h and ultrapure water for another 1 h. Typically, working electrodes were prepared by depositing an ethanol dispersion of catalysts ink onto a carbon paper electrode (1 *1 cm . All LSV curves were steady-state ones after several cycles and directly used without additional iR correction.
Potentiostatic tests were carried out at different potentials under continuous stirring. Pure Ar or N 2 was purged into the cathodic compartment for at least 30 min before the test, and the feed was kept during the whole test. NRR was also conducted at different temperatures (0 °C, 20 °C, 40 °C and 60 °C) to investigate the influence of temperature on the reaction rate. Thus, activation energy can be calculated according to Arrhenius equation as follows, where A is Arrhenius constant, Ea is activation energy, T is reaction temperature, R is gas constant and υ is corresponding reaction rate:
Detection of NH 3 was achieved by the indophenol blue method. In detail, 2 mL electrolyte after potentiostatic tests was mixed with 2 mL of a 1M NaOH solution containing 5 wt.% sodium citrate and 5 wt.% salicylic acid. Then, 1 mL of 0.05 M NaClO solution was also added into the mixture, followed by addition of 1 wt.% C 5 FeN 6 Na 2 O (sodium nitroferricyanide). After leaving at room temperature for 1 h, the mixed solution was Where t is reaction time, A is the surface area of working electrode, V is total electrolyte volume in cathodic compartment and c is concentration of NH 3 .
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